Repeated passages of vaccinia virus in increasing concentrations of hydroxyurea followed by plaque purification resulted in the isolation of variants capable of growth in 5 mM hydroxyurea, a drug concentration which inhibited the reproduction of wild-type vaccinia virus 1,000-fold. Analyses of viral protein synthesis by using [35S]methionine pulse-labeling at intervals throughout the infection cycle revealed that all isolates overproduced a 34,000-molecular-weight (MW) early polypeptide. Measurement of ribonucleosidediphosphate reductase (EC 1.17.4.1) activity after infection indicated that 4-to 10-fold more activity was induced by hydroxyurea-resistant viruses than by the wild-type virus. A two-step partial purification which yielded >90% of the induced ribonucleotide reductase activity in the fraction obtained by 35% saturation with ammonium sulfate resulted in a substantial enrichment for the 34,000-MW protein from extracts of wild-type and hydroxyurea-resistant-virus-infected, but not mock-infected, cells. In the presence of the drug, the isolates incorporated [3H]thymidine into DNA earlier and at a rate substantially greater than that of the wild type, although the onset of DNA synthesis was delayed in both cases. In the absence of the drug, the attainment of a maximum viral DNA synthesis rate was accelerated after infection by drug-resistant isolates. The drug resistance trait was markedly unstable in all isolates. In the absence of selective pressure, plaque-purified isolates readily segregated progeny that displayed a wide range of resistance phenotypes. The results of this study indicate that vaccinia virus encodes a subunit of ribonucleotide reductase which is a 34,000-MW early protein whose overproduction confers hydroxyurea resistance on reproducing viruses.
Repeated passages of vaccinia virus in increasing concentrations of hydroxyurea followed by plaque purification resulted in the isolation of variants capable of growth in 5 mM hydroxyurea, a drug concentration which inhibited the reproduction of wild-type vaccinia virus 1,000-fold. Analyses of viral protein synthesis by using [35S]methionine pulse-labeling at intervals throughout the infection cycle revealed that all isolates overproduced a 34,000-molecular-weight (MW) early polypeptide. Measurement of ribonucleosidediphosphate reductase (EC 1.17.4.1) activity after infection indicated that 4-to 10-fold more activity was induced by hydroxyurea-resistant viruses than by the wild-type virus. A two-step partial purification which yielded >90% of the induced ribonucleotide reductase activity in the fraction obtained by 35% saturation with ammonium sulfate resulted in a substantial enrichment for the 34,000-MW protein from extracts of wild-type and hydroxyurea-resistant-virus-infected, but not mock-infected, cells. In the presence of the drug, the isolates incorporated [3H]thymidine into DNA earlier and at a rate substantially greater than that of the wild type, although the onset of DNA synthesis was delayed in both cases. In the absence of the drug, the attainment of a maximum viral DNA synthesis rate was accelerated after infection by drug-resistant isolates. The drug resistance trait was markedly unstable in all isolates. In the absence of selective pressure, plaque-purified isolates readily segregated progeny that displayed a wide range of resistance phenotypes. The results of this study indicate that vaccinia virus encodes a subunit of ribonucleotide reductase which is a 34,000-MW early protein whose overproduction confers hydroxyurea resistance on reproducing viruses.
Encoded within the large (180 kilobase pair) doublestranded DNA genome of the prototypic poxvirus vaccinia is genetic information sufficient to render the host cell nucleus dispensable for viral DNA replication (27) . Even the requirement for a nuclear function involved in the maturation of progeny virus (15, 24) has been circumvented in mutants selected for resistance to a-amanitin, which carry out the entire infection cycle in enucleated cells (36, 37) .
Nuclear independence, then, suggests that all enzymes and substrates required for replication are either provided by viral genes or are preexistent in the host cell cytoplasm. Indeed, among the early products of viral transcription are a DNA polymerase (17, 23, 34, 35) and two strongly expressed proteins with affinity for DNA (26, 33) , which may be analogous to the bacteriophage T4 gene 32 helixdestabilizing protein. A nicking-closing enzyme, topoisomerase I, has been identified as a major constituent of virion cores (2) and is induced in enucleated cells after infection (25) . Each of these proteins is reportedly associated with the large nucleoprotein aggregates termed virosomes, which are thought to be the sites of poxvirus replication (16, 25, 26) .
Deoxyribonucleotide substrates for viral replication could be provided via salvage or de novo pathways. The importance of the de novo pathway in cellular replication is evidenced by the rapidity with which DNA synthesis in the nucleus is halted after the addition of hydroxyurea (HU), an inhibitor of ribonucleoside-diphosphate reductase (EC 1.17.4.1). Unlike polymerase a, ribonucleotide reductase has been localized to the cytoplasmic compartment by immunocytochemical techniques (3, 10) . The cellular enzyme, then, might be expected to provide sufficient precur-* Corresponding author.
sors for viral DNA synthesis. However, ribonucleotide reductase activity is detected with difficulty in nonreplicating cells, suggesting that viruses infecting such cells would be obliged to either induce cellular reductase activity or encode the enzyme.
We recently described a novel ribonucleotide reductase activity which is induced after vaccinia virus (VV) infection of primate cells (31, 32) . The extent of enzyme induction is proportional to the multiplicity of infection (MOI), and peak enzyme activity correlates with maximum viral DNA synthesis rates after a synchronous infection. As compared with the host cell reductase, the induced activity is more responsive to positive activators and less dependent on Mg2+, but similar in sensitivity to inhibition by dATP, dTTP, and HU.
To obtain more compelling evidence for the viral origin of the induced reductase, we sought to isolate VV strains which are resistant to HU. The choice of this drug as the selective agent was based on the knowledge that it inactivates the free radical which is present in the active site of ribonucleotide reductase (28) . The ensuing depletion of deoxynucleoside 5'-triphosphate (dNTP) precursors blocks replicative DNA synthesis with minor impact on RNA and protein synthesis.
In the present report, we describe the isolation and characterization of VV variants which were selected by repeated passages in the presence of 5 mM HU, a concentration of drug sufficient to inhibit wild-type (wt) virus replication at least 1,000-fold. As compared with wt VV, these isolates exhibited overproduction of the virally induced ribonucleotide reductase and enhanced synthesis of a 34,000-molecular-weight (MW) protein.
HYDROXYUREA-RESISTANT VACCINIA VIRUS 507 scribed (15, 31) , except that routine plaque assays were performed without agar overlays and plaques were visualized by staining monolayers with methylene blue (20 min, 0.5% methylene blue in 50% methanol) and destaining with two 10% methanol washes.
Reagents. [5-3H] HU and 1-p-D-arabinofuranosylcytosine (araC) were obtained from Calbiochem-Behring, and stock solutions of 250 and 1 mM, respectively, were prepared in phosphatebuffered saline (PBS) or water, sterilized by filtration, and stored at -20°C. Stock solutions were thawed only once.
Assay of ribonucleotide reductase. Preparation of the extracts and assays of ribonucleotide reductase were performed as described previously (31) .
Isolation of HU-resistant W. Growth medium was replaced, 1 h before the infection of BSC40 cells, with medium containing HU. For the initial passage in HU, cells were infected with unmutagenized VV at 1 PFU per cell and harvested after 48 h in the presence of 1 mM HU by scraping the plastic plate with a rubber policeman. Cells and associated virus were collected by low-speed centrifugation, suspended in PBS (2.5 ml/100-mm-diameter dish), and stored at -80°C. For the determination of virus yield, crude stocks were subjected to three cycles of freeze-thaw and sonicated for 2 min in a water bath.
Initially, virus titers were not determined before the infection in the next passage. Rather, the crude stock was split 1:5 and applied to cell monolayers. However, once plaquelike areas were observed on plates in the presence of 5 mM HU, we wished to decrease the MOI to less than 1 PFU per cell to avoid the possible rescue of wt genomes by HU-resistant virus. This required determining titers before reinfection. The HU concentration was increased to 5 mM at passage 2 and 10 mM at passage 6. After two passages in this latter concentration of the drug, the stock was plated at a high dilution under a 0.8% agarose overlay, with or without 10 mM HU. After 48 h, monolayers were stained with neutral red as described previously (15) , and well-isolated plaques were picked with sterile pipettes and flushed into 0.6 ml of PBS. After two freeze-thaw cycles, the entire volume was deposited onto monolayers of cells in dishes ( To select VV variants resistant to HU inhibition, wt virus was passaged repeatedly in the presence of the drug. After an initial passage of the virus in 1 mM HU, the drug concentration was increased to 5 mM, and the MOI was kept at less than 1 PFU per cell to avoid the rescue of wt genomes by HU-resistant variants. Under these conditions, virus yields from early passages were very low (passage 3: output PFU per input PFU, <0.1), but increased rapidly with repeated selection (passage 6: output PFU per input PFU, 1,000), suggesting enrichment for the resistant virus. Plaque assays in the presence and absence of the drug indicated that the stock obtained from passage 6 contained approximately 40% resistant virus (PE, 0.4). Two additional passages in 10 mM HU preceded the initial plaque isolation.
Plaque isolation of HU-resistant VV. To obtain pure stocks of HU-resistant virus, serial dilutions from passage 8 were plated under an agarose overlay. Well-isolated plaques were picked, amplified, and screened as described in Materials and Methods. Plaque reduction assays revealed that the collection of 20 isolates contained a diversity of phenotypes ranging from wt sensitivity to resistance to 10 mM HU. As scored with respect to the ability to plaque in 5 mM HU, the incidence of resistance was much greater in isolates picked from plates which were under drug selection at the time of plaque isolation (70%) as compared with plaques isolated in the absence of drug (10%).
Quantitative plaque reduction and 24-h growth reduction assays performed with several HU-resistant isolates after one-step amplification in the absence of the drug (Fig. 1 ) confirmed that these stocks were at least 1,000-fold more resistant to HU inhibition than was wt VV; PEs, however, were only 0.2 to 0.3 in 5 to 10 mM HU.
Isolates HU1 and HU19, picked from plates containing and lacking HU, respectively, were selected for further study. An additional passage on BSC40 cells without the drug yielded preparations of high titer (2 x 109 PFU/100-mmdiameter plate), but with PEs of 0.1 in 5 mM HU. We hypothesized that the impact of HU on PE might be the result of adverse effects of the drug on host cells, which could reduce the probability of establishing a productive infection. However, the PE determined for a given stock was affected neither by whether cells were pretreated with HU nor by the presence or absence of the drug during the 1-to 2-h inoculation period (data not shown). The apparent decline in PE which was observed during passage of virus stocks in the absence of selective pressure suggested that the isolates were either contaminated with wt virus or were subject to a high rate of reversion.
A second round of plaque isolation, carried out in the absence of the drug, confirmed that both HU1 and HU19 stocks contained HU-sensitive virus. Of 10 isolates characlo- terized, 3 were indistinguishable from the wt, 3 were able to plaque in 5 mM HU, and 4 displayed intermediate levels of resistance. The PE of the HU-resistant isolates was 0.1. The passage of two of these isolates, HU1-1 and HU19-2, three times in 5 mM HU, however, resulted in PEs of 0.5 but yields of 2 x 108 PFU/100-mm-diameter plate (1/10 of normal wt yields). To characterize these populations, a third plaque purification experiment was performed in which plaques were picked from plates with or without the drug, but were amplified in the presence of the drug. Using this protocol, we obtained seven HU-resistant and three HU-sensitive isolates from plates lacking HU. Since the parent HU1-1 and HU19-2 stocks had been derived from well-isolated plaques in the absence of the drug, these results strongly suggested that the HU-sensitive revertants arose in HU-resistant populations with high frequency. Not surprisingly, all of the plaques isolated from HU-containing plates were scored as resistant to 5 mM HU. The PEs of all HU-resistant isolates, 0.5 to 0.7, reflected those of the parent HU1-1 and HU19-2 stocks. Instability of HU resistance phenotype. To directly investigate the apparent instability of the HU resistance phenotype, representative isolates from the third round of plaque purification were passages three times in succession without HU. At each step, the titer and PE of progeny virus were determined. The effect of renewed selection after passage without HU was also evaluated. We observed a progressive decline in PE in both HU1-1-6 and HU19-2-4 ( Table 1) . As before, reimposition of drug selection resulted in restoration of PEs to high values in a single passage, suggesting strong selection for resistant virus. The two isolates, however, exhibited divergent reproduction phenotypes. Whereas yields of infective progeny from HU19-2-4 virus increased as the degree of resistance declined, HU1-1-6 virus produced only 10% of normal wt titers, even when the PE had declined to 0.1, suggesting that this variant strain was debilitated in ways other than the unstable drug resistance trait. Further plaque purifications revealed that all HU1 derivatives shared the inability to achieve high-titer growth.
Comparison of wt and HUl-1-5 growth curves. One explanation for the low yields from HU1-1 series isolates would be a delayed time course of productive infection. However, although the appearance of HU1-1-5 progeny virus was retarded (e.g., HU1-1-5 required 4 h longer than the wt to multiply input titers 10-fold), the maximum yield was obtained by 48 h (Fig. 2) . These data also show that HU decreased yields of wt virus by a factor of 1 x 103 to 2 x 103 at all time points, but reveal that VV was able to replicate very slowly ih the presence of 5 mM HU.
Ribonucleotide reductase activity in wt and HU-resistant W. One mechanism of resistance to drug inhibition is overproduction of the target enzyme. Another mechanism is mutational alteration of the enzyme, rendering it no longer susceptible to the inhibitor. To investigate whether HUresistant VV exhibited either phenotype with respect to ribonucleotide reductase, we compared the activities of this enzyme in extracts of BSC40 cells after their infection by wt VV or HU-resistant isolates. Previous work has shown that the extent of induction of virus-specific ribonucleotide reductase is directly proportional to an MOI of between 1 and 10 PFU per cell (31) . Therefore, cell monolayers were infected with 1 to 4 PFU per cell, and the data were subsequently normalized to reflect equivalent MOIs after determination of the exact titers of inoculations by plaque assay.
The results of a 10-h time course analysis in which wt VV and HU1-1-5 isolates were compared is shown in Fig. 3 . Cells infected by the HU-resistant virus accumulated fourto fivefold more reductase activity than was induced by wt VV. Since HU1-1-5 virus was selected by virtue of its ability to reproduce in the presence of HU, we expected that we would observe the superinduction (14) of reductase by araC but not HU, because the extended synthesis of early VV gene products in the presence of DNA synthesis inhibitors is attributed to a lack of late gene expression. However, both HU ( Fig. 3 ) and araC (data not shown) elicited an additional twofold increase in reductase activity after infection by HU-resistant virus. One explanation for these results is that drug-resistant variants overcame HU inhibition of DNA synthesis slowly (see Fig. 7 ), probably reflecting the time required to accumulate substantial intracellular levels of reductase. The in vitro HU sensitivity of BSC40 host cell and virus-induced ribonucleotide reductase was measured in crude extracts. Although HU1-1 and HU19-2 viruses induced approximately 4-and 10-fold, respectively, more of the virus-specific enzyme activity than did wt VV, HU inhibited the activities from all sources in a similar manner (Fig. 4) . It is noteworthy that 50% inhibition required 2 to 3 mM HU, whereas 50% inhibition of wt-virus growth was achieved at 0.2 mM HU. Although one interpretation of this discrepancy is that there may be an additional site of action for the drug in vivo, a more likely explanation is spontaneous reactivation of the enzyme in vitro by regeneration of the tyrosyl radical in the presence of 02, iron, and dithiothreitol (28) . We concluded from these experiments that both series of HU-resistant isolates induced severalfold more ribonucleotide reductase activity per infecting unit than did wt VV. We obtained no evidence, however, for the altered sensitivity of the overproduced enzyme to HU.
Overproduction the 10-to 20-fold increase in enzyme activity recovered in the 35% ammonium sulfate pellet after virus infection was attributable to the induced reductase. The results of a representative two-step fractionation are shown in Table 2 . This protocol resulted in an eightfold increase in specific activity and separated the enzyme from a substrate-diverting 5'-nucleotidase activity which is present in crude extracts (data not shown). In this form, the enzyme was stable for several months when stored at -80°C. Enzyme activity declined approximately 15%, however, each time a preparation was rethawed.
The fractionation protocol was next applied to [3S]methionine-labeled extracts, and the behavior of the overproduced 34,000-MW protein was monitored by electrophoretic analysis of the various fractions. Less than 10% of the 35S-labeled protein in infected or uninfected cells was recovered in the ammonium sulfate pellet fraction (Table 2) . However, this fraction was highly enriched for the 34,000-MW protein (Fig. 6) , and its increased synthesis by the HU-resistant variant was apparent (Fig. 6 A and B,  arrows) . Uninfected host cells yielded very little radiolabeled 34,000-MW protein in the ammonium sulfate pellet fraction (Fig. 6B) .
DNA synthesis in cells infected by wt and HU-resistant VV. We were surprised to see that, in the absence of HU, both drug-resistant isolates achieved maximal rates of DNA synthesis earlier in the infection cycle than did wt VV (Fig. 7B) . This result, which was confirmed in a duplicate experiment, suggests that a rate-determining factor for viral DNA synthesis is not limiting after infection by HU-resistant viruses.
HU was a potent in vivo inhibitor of DNA synthesis in host cells. When HU was added to cell medium at the same time as [3H]thymidine, incorporation of the isotope was decreased 90 to 95%. Since the labeling period was only 20 min, this verified that the supply of cellular dNTP precursors was depleted rapidly upon inhibition of ribonucleotide reductase.
DISCUSSION
HU inhibits DNA synthesis in both procaryotes and eucaryotes by inactivating the tyrosyl free radical in the smaller of the two subunits of ribonucleotide reductase, thus starving the cell of dNTP substrates. HU-resistant mamma-lian cells have been isolated by passaging cells in increasingly higher concentrations of the drug. HU resistance has been attributed both to gene amplification, leading to overproduction by gene dosage effects, and to alterations in the enzyme subunit, rendering it less susceptible to inactivation (reviewed in reference 38), although definitive data are lacking. In one case, a high degree of resistance was transferred to sensitive cells by transfection of metaphase chromosomes from HU-resistant cells (20) . In the present report, we describe variants of VV that were resistant to the DNA synthesis inhibitor HU. Relative to wt VV, the resistant isolates overproduced a 34,000-MW protein that was a product of early viral transcription and induced substantially more ribonucleotide reductase activity than wt VV at comparable MOIs. The 34,000-MW protein and the induced reductase cofractionated through two purification steps, suggesting that this protein may be a viral counterpart to the M2 subunit of the mammalian enzyme.
Ribonucleotide reductase induced by another group of large DNA viruses, namely the herpesviruses, has been described in some detail. Based on genetic, immunological, and enzymatic data, 140,000-and 38,000-MW proteins encoded in the genomes of herpes simplex virus types 1 and 2 have been identified as reductase subunits (1, 7, 22) . Epstein-Barr virus encodes 93,000-and 34,000-MW proteins which are also believed to represent reductase subunits (13) . The 34,000-MW vaccinia peptide is therefore similar in size to the smaller of the herpesvirus gene products. Sequence homology has been detected among reductase genes from sources as diverse as Escherichia coli, clam, mouse, and herpesvirus (6, 30) , indicating conservation of this important enzyme.
A striking characteristic of the vaccinia HU-resistant isolates characterized in our study was the instability of the drug resistance phenotype. As assessed by plaquing efficiency in the presence and absence of HU, the degree of resistance declined by approximately 50% at each passage without selective pressure. Previous levels of resistance, however, were restored in one passage upon rechallenge with HU. Even freshly plaque-purified isolates segregated nonresistant revertants with a high frequency.
The instability of drug resistance phenotypes in cell lines is associated with the early stages of gene amplification and the presence of extrachromosomal DNA. Interestingly, such aberrations are promoted by the transient exposure of cells to HU, which is proposed to induce random rereplication of the genome (5, 21, 29) . We are presently analyzing DNA isolated from HU-resistant VV isolates, since one prediction of a gene amplification model, that homologous recombination between genomes carrying multiple gene copies would rapidly generate offspring that are both more and less resistant than parental genotypes, is consistent with the instability and variability observed in our isolates. If gene amplification is shown to be the mechanism underlying the resistance in VV, the ability to study this phenomenon in a viral system may facilitate the elucidation of the processes involved. In this regard, it is perhaps noteworthy that a single passage of wt VV in 5 mM HU resulted in a detectable increase in the number of progeny able to form minute plaques in the presence of this concentration of the drug.
Since mammalian ribonucleotide reductase has been shown to be a cytoplasmic enzyme (10) and since dNTP pools are apparently distributed throughout the cell (19) (10) or enzyme activity (8) . In cycling cells, holoenzyme activity is maximal during S phase and decreases immediately after mitosis, a phenomenon that is attributed to the varying availability of the small subunit (11) , which has been shown to have a half-life of 3 h in two cell types (9) 
